Pd-Ni bimetallic catalysts prepared by co-impregnation and sequential impregnation methods were compared in the catalytic performance in oxidative steam reforming of methane. The sequential impregnation was more effective to the suppression of hot spot formation. According to the structural analysis by in-situ quick-scanning X-ray absorption fine structure (QXAFS) during the temperature programmed reduction, the sequential impregnation method gave the bimetallic particles with higher Pd surface composition because of the low possibility of the Pd-Ni bond formation. Higher surface composition of Pd with higher reducibility than Ni is connected to the enhancement of the catalyst reducibility and the suppression of the hot spot formation. .
Introduction
Oxidative steam reforming of methane is the combination of the methane steam reforming [Eq. It has been known that oxidative steam reforming of methane can be more energy efficient than the conventional methane steam reforming. This is because conventional steam reforming requires an external heat supply and, in contrast, oxidative steam reforming of methane can be an internal heating process. Therefore, the oxidative steam reforming of methane is one of the promising methods for the production of synthesis gas from natural gas. However, it has been reported that hot spot formation is a problem in the oxidative steam reforming of methane [7] [8] [9] and this is also a common problem in the reforming of hydrocarbons using oxygen. It is known that metallic nickel is an active component for the reforming reaction. However, in the presence of oxygen, the Ni species can be easily oxidized and can thereby lose their reforming activity [3, 10, 11] . On the other hand, the oxidized Ni species can catalyze methane combustion reaction, and this can increase the catalyst bed temperature drastically to give a hot spot. Our group has reported that the modification of Ni catalysts with small amount of noble metals such as Pt and Pd is effective to the suppression of hot After removal of the solvent by heating and evaporation at 353 K, the resulting products were dried in an oven at 383 K for 12 h. Subsequently, the samples were calcined at 773 K in air for 3 h.
Bimetallic catalysts (Pd-Ni) were prepared using two methods. One is the sequential (two-step) impregnation method. The calcined monometallic nickel catalyst was reduced at 1123 K for 0.5 h under H 2 flow, and then this treated sample was impregnated with an acetone solution of Pd(C 5 H 7 O 2 ) 2 (99.9%; Soekawa Chemical Co., Ltd.) under air atmosphere. After removal of the acetone solvent, the catalyst was dried at 383 K for 12 h and calcined in air at 573 K for 3 h. The resultant catalyst is denoted as Pd/Ni. The other method is co-impregnation. The precursor is a mixed aqueous solution of Ni(NO 3 ) 2 ·6H 2 O and PdCl 2 . After co-impregnation, the preparation procedure is identical to that of the monometallic catalysts. This resultant catalyst is denoted as Pd+Ni. The number in parentheses refers to the weight percent of the catalyst's metallic component.
On the Pd(0.1)/Ni(0.9) and Pd(0.1)+Ni(0.9) catalysts, the molar ratio of Pd to Ni is 1/17.
Activity test and thermographical observation
Oxidative steam reforming of methane was conducted under atmospheric pressure in a fixed-bed quartz reactor (i.d. 4 mmφ, o.d. 6 mmφ). A schematic diagram of the reactor and pictures of catalyst granules in the quartz reactor are illustrated in Fig. 1 , along with one exemplary thermographical image. The quartz reactor had an axial thermowell (o.d. 1.5 mmφ) containing a chromel-alumel thermocouple located at the outlet of the catalyst bed, which was used for temperature control. An electric furnace was connected with this thermo-controller; it had a window (15 mm × 15 mm) for observation of the temperature profile of catalyst granules. The temperature profile was measured using infrared thermograph equipment (TH31; NEC San-ei Instruments Ltd.). Fig. 1 shows that the radial temperature gradient was rather flat in the A cross section, indicating that the gas flow is close to a plug flow condition. Therefore, we show only the temperature profile along the B cross section in the chapter of Results and Discussion. The catalyst (0.08 g) was reduced in the hydrogen flow ( water trap was located at the reactor exit to remove the steam contained in the effluent gas. The gas was collected from the sampling port using a micro-syringe. Then it was analyzed using a gas chromatograph (GC-14A; Shimadzu Corp.) equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD). Concentrations of CO, CO 2 and CH 4 in the effluent gas were determined using an FID-GC equipped with a methanator and a stainless steel column packed with Gaskuropack 54 (GL Science). The H 2 concentration was determined using TCD-GC with a stainless steel column packed with a molecular sieve 13X. Methane conversion and CO selectivity in oxidative steam reforming of methane were calculated as described below. (%) The amount of deposited coke during the reaction was able to be neglected in all the cases presented here, although the coke deposition has often been observed in methane reforming [15] [16] [17] [18] . The catalytic performance in steam reforming of methane was also evaluated. The method and procedure were the same as those oxidative steam reforming of methane except for the partial pressure ratio (CH 4 /H 2 O/Ar=30/30/40) and reaction temperature (1073 K).
Catalyst characterization
Temperature programmed reduction (TPR) profiles were measured in a fixed bed quartz reactor.
In each experiment, 0.01 g of sample was loaded into the quartz reactor and heated with a heating rate of 10 K·min -1 , from room temperature to 1123 K in 5% hydrogen diluted in Ar (30 ml·min -1 ) as a reducing gas. Water produced during the reduction was removed using a cold trap with frozen acetone (ca. 173 K). The TPR profile was monitored continuously with an on-line TCD-GC. The H 2 consumption was estimated from the integrated peak area of the reduction profiles.
The Pd K-edge quick-scanning X-ray absorption fine structure (QXAFS) was measured at the min. XAFS data were collected in a transmission mode under in-situ conditions. For XAFS analysis, the oscillation was first extracted from the XAFS data by a spline smoothing method [20] . The oscillation was normalized by the edge height around 50 eV. The Fourier transformation of the k 3 -weighted EXAFS oscillation from k space to r space was performed to obtain a radial distribution function. The inversely Fourier filtered data were analyzed by a usual curve fitting method [21, 22] . For the curve fitting analysis, the empirical phase shift and amplitude functions for
Pd-O and Pd-Pd were extracted from the data for PdO and Pd foil, respectively, that were measured at the same temperature for the analysis of samples. Theoretical functions for the Pd-Ni bond were calculated using the FEFE8.2 program [23] . The analysis of EXAFS data was performed using the "REX2000" program (RIGAKU Co. Version: 2.3.3).
Results and Discussion

Catalytic performance and catalysts bed temperature profile in oxidative steam reforming of methane
The catalytic performance in terms of the methane conversion, H 2 /CO ratio and CO selectivity over Ni(0.9), Pd(0.1), Pd(0.1)+Ni(0.9) and Pd(0.1)/Ni(0.9) are listed in Table 1 Table 1 , methane conversion of Pd(0.1) was smaller than other catalysts, and smaller reforming contribution causes higher temperature profile. The tendency of Ni(0.9) and Ni(2.6) catalysts as shown in Fig. 2 (b) is different from the case of Pd(0.1) because the Ni(2.6) gave high methane conversion (Table 1 ). On the basis that the Ni species is oxidized near the catalyst bed inlet, where the combustion reaction proceeds mainly, the highest bed temperature is influenced by the combustion activity of the Ni catalysts, which is higher on larger Ni loading amount. Furthermore, the bed temperature on the Ni catalysts decreased steeply in the catalyst bed. This corresponds to the endothermic profile of the reforming reactions. In the downstream part after oxygen is completely consumed, the metallic Ni can be maintained and it is very active for the reforming reactions. This means that the exothermic combustion reaction zone and endothermic reforming reaction zone are separated in the catalyst bed, and this phenomenon is connected to the large gradient in the bed temperature. In contrast, the temperature gradient of Pd-Ni bimetallic catalysts was much smaller than that of Pd(0.1), Ni(0.9) and Ni(2.6). The effect was more remarkable on Pd(0.1)/Ni(0.9) than Pd(0.1)+Ni(0.9). This can be explained by the overlap between the combustion reaction zone and the reforming reaction zone because of the enhancement of reducibility of Ni species promoted by the Pd addition. It is interpreted that the promoting effect of Pd introduced by the sequential impregnation is more remarkable than that by the co-impregnation. This result suggests that the interaction between Pd and Ni is strongly influenced by the preparation methods.
Therefore, the microstructure of Pd-Ni bimetallic catalysts was analyzed by means of XAFS. In particular, we focused on the structural change during the reduction pretreatment since the interaction between Pd and Ni is formed using in-situ Pd K-edge QXAFS.
Characterization during the reduction pretreatment by means of TPR and QXAFS
Before measuring the in-situ QXAFS, temperature-programmed reduction (TPR) profiles were obtained to evaluate the catalyst reducibility. Fig. 3 shows TPR profiles of various catalysts. The H 2 consumption profile of Ni(0.9) were observed in the temperature range of 700-1160 K as shown in Fig. 3(a) . The ratio of total hydrogen consumption to Ni content was almost 100%. This H 2 consumption peak is assigned to the reduction of highly dispersed Ni 2+ species interacted strongly with the Al 2 O 3 surface [11, 13, 24] . In the case of Pd(0.1)+Ni(0.9) (Fig. 3 (b) ), a small consumption peak at 433 K is assigned to the reduction of Pd, and the main reduction peak started at about 563 K, which is about 200 K lower than the case of Ni(0.9). This is the promoting effect of Pd on the reduction of Ni species. On the other hand, Pd(0.1)/Ni(0.9) showed a sharp peak at about 563 K (Fig. 3 (c) ), which is assigned to the reduction of NiO interacted weakly with Al 2 O 3 [11, 13, 25, 26] .
This NiO is originated from Ni metal particles formed during the H 2 reduction before the second impregnation in the preparation by sequential impregnation. According to our previous report, the reduction of the NiO species without noble metal addition was observed at 600 K in the TPR profile [14] . The reduction peak was shifted to 40 K lower temperature by the addition of Pd. A part of Ni species on Pd(0.1)/Ni(0.9) is reduced at almost the same temperature as that on Pd(0.1)+Ni(0.9).
From the comparison of the TPR profiles between Pd(0.1)/Ni(0.9) and Pd(0.1)+Ni(0.9), it is found that the state of Ni species is strongly dependent on the preparation method. From the comparison between catalytic performance and TPR results, the Pd-Ni bimetallic catalyst with higher catalyst reducibility tends to have higher catalytic performance in the oxidative steam reforming of methane. .9) is that the Pd-Ni bond was not observed at all (Table 4) , although the reduction profile of Ni species was clearly observed at 563 K (Fig. 3(c) Tables 3 and 4 . These spectra were obtained at room temperature. In the case of Pd(0.1)+Ni(0.9), only the Pd-Ni bond was observed, however, the Pd-Pd bond disappeared. This is also extended by the decrease of the coordination number of the Pd-Pd bond with increasing the temperature in in-situ QXAFS data. The
Pd-Ni bond length (0.254 nm) was close to that of the Ni-Ni bond (0.249 nm) and it was much shorter than that of the Pd-Pd bond (0.272 nm). This indicates that Pd atoms can be solved to Ni metal and to form Pd-Ni alloy [27] [28] [29] . As a result, it is found that the co-impregnation method gave the well-mixture of Pd and Ni. On the other hand, in the case of Pd(0.1)/Ni(0.9) after the reduction, both Pd-Pd and Pd-Ni bonds were observed. When Pd(0.1)/Ni(0.9) was reduced at 1123 K, the interaction between Pd and Ni was formed. However, the degree of mixture between Pd and Ni on Pd(0.1)/Ni(0.9) is not so high as that on Pd(0.1)+Ni(0.9). This can be related to the small contribution of the Pd-Ni bond even at 763 K as listed in Table 4 . Lower degree of mixture is due to larger size of NiO particles on Pd(0.1)/Ni(0.9) before the reduction pretreatment as observed in Fig.   3 (c). It is suggested that the presence of Pd promoted the reduction of NiO particles to Ni metal particles, for example, via spillover hydrogen from Pd metal clusters [30, 31] . The Pd species is interacted with Ni after Ni metal particles are formed, therefore, the possibility of the presence of Pd atoms on the surface of particles is expected to be higher on Pd(0.1)/Ni(0.9) than Pd(0.1)+Ni(0.9), on which Pd species is interacted with highly dispersed Ni species at lower temperature and these Pd-Ni mixtures are aggregated to form larger particles. Based on the results of XAFS analysis, the surface composition of Pd species is enhanced by the sequential impregnation method. Similar tendency has been also observed in the previous reports [11, 14] . This is supported by the activity order in steam reforming of methane (Ni(0. Tables 3 and 4 .
The data on the samples after reduction were measured at room temperature. Tables 3 and 4. FT range: 30-120 nm
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